Photolysis of the HCl molecule surface solvated on clusters with 2 to 12 argon atoms is investigated by means of quantum molecular dynamics simulations. Two basic questions are addressed: ͑i͒ How does the cage effect change upon increasing the size of the cluster, and ͑ii͒ how can caging be influenced by an infrared ͑IR͒ excitation of HCl hindered rotation ͑libration͒ prior to ultraviolet ͑UV͒ photolysis. The efficiency of caging is discussed in terms of measurable quantities. In the time domain, temporary populations of the trapped hydrogen atom are monitored, while in the energy domain short-lived vibrational resonances are observed as a fine structure in the hydrogen kinetic energy distribution. While caging is negligible for the smallest clusters, it becomes more efficient upon increasing the cluster size, and for 12 solvent atoms the cage effect is already very strong. Finally, it is shown that while in the ground state the hydrogen atom points essentially toward the rare gas cluster, in excited librational states hydrogen is directed mostly away from argon atoms. As a consequence, caging of the photodissociating hydrogen atom in the case of a surface solvated HCl molecule can be efficiently ''turned off'' by librational preexcitation.
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I. INTRODUCTION
The ability of an inert solvent to hinder photodissociation of a solute molecule has been known for a long time. 1 While originally described in the condensed phase, this cage effect has been recently intensely studied also in a system with a finite number of particles. Novel techniques for sizeselection of neutral clusters prepared by supersonic expansion, [2] [3] [4] as well as progress in computational methods, 5 have made it possible to investigate caging as a function of the number of solvent particles. By studying the influence of sequential solvation on photolysis of small molecules, one can bridge direct photodissociation of an isolated chromophore on one side with condensed phase cage effect on the other side. Answers to the following questions can be obtained: What is the minimum number of solvent atoms for observable caging, how does caging depend on solvation site and vibrational/rotational state of the chromophore, and at what cluster sizes does the cage effect approach bulk values? Among the most intensely studied systems of this type are rare gas clusters with a single hydrogen halide molecule. Numerous investigations have been devoted to the photolysis of HX ͑XϭF, Cl, or Br͒ molecules with just one or two argon atoms as a solvent. [6] [7] [8] [9] [10] [11] [12] [13] [14] A bottom line of the above works is that a single rare gas atom is rather inefficient in hindering the highly energetic and delocalized photodissociating hydrogen atom. On the other end of system sizes, photolysis of an HX molecule embedded in or on large argon clusters with 12 or more rare gas atoms has been investigated in considerable detail, [15] [16] [17] [18] with the conclusion that caging in these systems is significant and eventually approaches the effect of a rare gas matrix. [19] [20] [21] [22] One of the goals of the present paper is to connect the case of a very weak caging by a single rare gas atom with large clusters as efficient cages. This is achieved by studying the effect of sequential solvation by 2 to 12 argon atoms on a photodissociating HCl molecule.
A typical feature of cryogenic mixed hydrogen haliderare gas clusters is a large amplitude motion of the hydrogen atom perpendicular to the HX molecular axis. In a shallow intermolecular potential the light and cold hydrogen atom behaves as a strongly delocalized quantum particle. As a result, a fully solvated HCl molecule in rare gas matrices or large clusters practically freely rotates. 18, 23 In the case of surface solvated HCl͑Ar͒ n isomers, which are energetically preferred ͑or represent the only possibility͒ in smaller clusters, 24 the hydrogen motion is more hindered and the HCl molecule librates. [25] [26] [27] [28] [29] [30] [31] [32] [33] In our recent work, we have shown that rotational preexcitation strongly influences the photodissociation process of an HCl molecule embedded in the first solvation shell of 12 argon atoms. 18 Here, we, among others, demonstrate that photolysis and caging of a surface solvated HCl molecule, which is actually the most stable isomer of the HCl͑Ar͒ 12 complex, 24 can be efficiently controlled by librational preexcitation.
The rest of the paper is organized as follows. In Sec. II we describe the systems under investigation and the relevant potentials. Methods used for the construction of the initial quantum states of the system and for the photodissociation dynamics are reviewed in Sec. III. Section IV contains results and discussion, while concluding remarks are presented in Sec. V. 
II. SYSTEMS AND POTENTIALS
Geometries of HCl͑Ar͒ n ͑nϭ1, . . . ,12͒ clusters in ground electronic and vibrational states have been determined recently. 24 In all cases, the most stable isomer corresponds to a surface solvated HCl molecule with the hydrogen atom pointing toward the argons. Inner solvation is disfavored even for the largest HCl͑Ar͒ 12 where the fully solvated isomer lies some 150 cm Ϫ1 above the energetically lowest structure, 24 since the HCl molecule is slightly too large to fit into the argon cage. In this study, we have considered for each cluster size the most stable structure for the construction of the initial vibrational wave function.
The ground electronic state potential is constructed from an accurate three-body potential for the HCl-Ar interaction, 34 using pair potentials for the remaining interactions. The ground state H-Cl potential is approximated by a Morse curve 35 and the HFD-B potential is adopted for the argonargon interaction. 36 The photodissociation dynamics is initiated by promoting the HCl molecule from a bound 1 ⌺ state to a strongly repulsive 1 ⌸ state 37 by a very short ultraviolet ͑UV͒ pulse. The potential energy surface in the electronically excited state is constructed via a diatomics-in-molecule Hamiltonian 19 which explicitly accounts for the anisotropy of the chlorine-argon interaction. 38 The following additional diatomic potentials serve as an input: The H-Cl and H-Ar potentials are taken from ab initio calculations 18, 39 and the Ar-Ar potential is the same as in the ground state.
As in our previous study, 18 we constrain ourselves for the sake of feasibility of quantum dynamical calculations to an approximation which neglects the effects of the Cl atom spin-orbit coupling and of nonadiabatic transitions. While these effects are found to play a role in longer time photodissociation dynamics of the HCl molecule in very large argon clusters and matrices, 15, 16, 19 their influence is minor in smaller clusters, especially if the emphasis is on the early dynamics following the photoexcitation event.
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III. METHOD A. Initial state of the system
Clusters prepared by supersonic jet expansion into the vacuum have very low temperatures ͑typically few Kelvins͒ where quantum effects can play an important role. At the same time, the systems under study are initially close to their ground vibrational state and the heavy atoms ͑chlorine and argons͒ can be treated in the harmonic approximation. As in our previous study, 18 we employ for the description of these cage modes normal coordinates and Gaussian wave functions. While similar arguments apply also for the H-Cl vibration in the electronic ground state, the delocalized hydrogen libration is clearly nonharmonic and has to be treated more carefully. We have found that a truncated expansion into symmetry adapted spherical harmonics very efficiently and accurately describes this delocalized motion. 18 The initial wave function ⌿ 0 of the HCl͑Ar͒ n system in the electronic ground state is constructed as follows: 
B. Quantum dynamics
On one hand, a numerically exact quantum mechanical treatment of the dynamics of the systems under study is, except for the smallest clusters, beyond present computational means, on the other hand, rather dramatic approximations are well justified. The early photodissociation dynamics concerns primarily the light and energetic hydrogen atom which has to be treated properly as a three-dimensional quantum particle. The heavy atoms, however, hardly start to respond to the hydrogen motion on the relevant sub-100 fs time scale. Since in this study we are primarily interested in the ultrafast hydrogen motion we can treat the influence of the heavy atoms on the hydrogen motion in a mean-field approximation, using the classical separable potential method. 40 The employed computational methods have been described and justified in an exhaustive way in our recent study. 18 In the following, we present computational details concentrating on minor differences from the previous work.
The three-dimensional hydrogen wave function is discretized on a three-dimensional ͑3D͒ Cartesian grid. The mean excess energy of the photodissociating hydrogen is more than 3 eV; therefore, the number of grid points has to be relatively large. A grid of 200ϫ200ϫ200 points has been employed. A cubic optical potential has been added far enough from the reactive region in order to absorb the outgoing parts of the hydrogen wave function. The interaction between the cage and the hydrogen atom has been accounted for within a mean-field approach. 18 The center of mass of the HCl molecule has been assumed to coincide with the chlorine atom, which has been kept frozen during the simulation. In this way, errors caused by the nonseparability of the relative hydrogen and chlorine motions in the Franck-Condon region have been practically canceled out in a simple way.
For the construction of the effective classical separable potentials ͑CSP͒, 40 150 auxiliary Wigner trajectories have been employed. This number of trajectories results in effective potentials which almost preserve the symmetry of the system under study. In order to achieve perfect symmetry, the CSP potentials have been symmetrized ex post by applying all allowed symmetry operations and by a consequent averaging. The relevant point groups for the particular clusters are C 2v for HCl͑Ar͒ 2 , C 3v for HCl͑Ar͒ 3 , C 2v for HCl͑Ar͒ 4 , C 4v for HCl͑Ar͒ 5 , C 5v for HCl͑Ar͒ 6 , and C 5v for HCl͑Ar͒ 12 . Finally, the split propagator 41 with a time step of 0.025 fs has been used for wave function propagations and the action of the kinetic energy operator has been evaluated using a fast Fourier transform algorithm. 42, 43 
IV. RESULTS AND DISCUSSION
A. Initial librational wave functions
Librational wave functions corresponding to the HCl molecule solvated on clusters with 2 to 12 argon atoms are depicted in Figs. 1 and 2 . Diffuse structures represent the librating hydrogen, while wired spheres are the chlorine and argon atoms. High density of dots corresponds to a high probability of the occurrence of the hydrogen atom, while low density indicates low probability and/or nodes on the librational wave function. The size of the heavy atom spheres corresponds to regions in space inaccessible to a photodissociating hydrogen with a mean excess energy of 3.5 eV. 18, 39 Figures 1 and 2 provide a unified view on the effect of sequential solvation on hydrogen libration starting from two solvent atoms, studied already earlier, 27, 30, 31 to relatively large clusters. In all cases, the ground librational state is characterized by a large amplitude bending motion with the hydrogen atom pointing essentially toward the argons. For such geometries, the photodissociating hydrogen maximizes its interaction with the argons and caging can be expected to be most pronounced. Nevertheless, as will be shown later, only for larger clusters the cage effect is strong enough to be directly observable. Interestingly, in all clusters there exist low-lying excited librational states, where most of the hydrogen wave function is oriented away from the cluster or at least sideways This is demonstrated in Fig. 2 for the case of the HCl͑Ar͒ 12 complex. For these excited librational states, caging becomes inefficient since the photodissociating hydrogen minimizes the interaction with the argon cage. In other words, librational preexcitation can be used to ''turn off'' the cage effect for surface solvated hydrogen halides.
Out of the systems under study, clusters with 3, 5, 6, and 12 atoms possess higher symmetries having more than a twofold rotational axis. As a result, doubly degenerate librational states occur in these complexes. In Fig. 2 , one of the possible representations of these degenerate states in the HCl͑Ar͒ 12 cluster is displayed; however, any linear combination of these functions is also valid.
B. Photodissociation dynamics
Unlike in the gas phase, where the photodissociation process is direct, bifurcations of the hydrogen wave function caused by collisions with solvent atoms are observed upon HCl photolysis in argon clusters. The relative importance of these collisions strongly depends on the size of the cluster. This can be seen from Fig. 3 , which depicts time evolution of the hydrogen radial probability distributions 18 for clusters with two to six argons. The intensity of the dots in Fig. 3 corresponds to the square of the hydrogen wave function at a given time and distance from the chlorine atom, integrated over the two angular coordinates. For the smallest clusters, direct dissociation during which the hydrogen monotonously flies away from the cluster region dominates, and only weak bifurcations occur during the first 25 fs. In this sense, the photodissociation dynamics in HCl͑Ar͒ n (nр4) does not FIG. 1. Ground librational wave functions of the HCl molecule deposited on clusters with two to six argon atoms ͑a͒-͑e͒. The shadowing represents the angular hydrogen probability and the wired spheres correspond to effective radii of the heavy atoms. For the sake of clarity, the radius of the hydrogen sphere is artificially expanded.
FIG. 2. ͑a͒
Ground and ͑b͒-͑c͒ lowest excited librational wave functions of the HCl molecule deposited on clusters with 12 argon atoms. The shadowing represents the angular hydrogen probability and the wired spheres correspond to effective radii of the heavy atoms. Note the structures ͑b͒ and ͑c͒ corresponding to a degenerate pair of functions. For the sake of clarity, the radius of the hydrogen sphere is artificially expanded.
differ significantly from that in the gas phase or in Ar . . . HCl. 9, 11, 12 Caging in these clusters is very weak and causes only a negligible prolongation of the time spent in the interaction region, compared to the free HCl molecule. However, starting with five argon atoms caging rapidly increases. Figure 3 demonstrates that also for the larger clusters direct dissociation is a dominant process. In other words, most of the hydrogen probability flux leaves the cluster area right after the first interaction with the argons around 10 fs after photoexcitation. However, for clusters with more than four argons, a much more significant portion of the flux remains temporarily in the cluster region and strong bifurcations occur for up to 40 fs. This is caused by the structures of the Ar 5 and larger cages, where a compact solvation half-shell develops opposite to the dissociating hydrogen. An important role is played by an argon atom which undergoes a direct head-on collision for the most probable hydrogen angular orientation. Such a cage atom appears for the first time in the HCl͑Ar͒ 5 cluster. Figure 4 depicts time evolution of the hydrogen radial probability for the case of the photolyzed HCl molecule surface solvated on the Ar 12 cluster. A strong cage effect with FIG. 3 . Quantum dynamics of the radial hydrogen wave packet motion for HCl photolysis on clusters with two to six argon atoms ͑a͒-͑e͒. The schematic drawing shows three possible dissociation channels: ͑i͒ direct dissociation, ͑ii͒ single collision, and ͑iii͒ multiple collisions with the cage .   FIG. 4 . Quantum dynamics of the radial hydrogen wave packet motion for HCl photolysis on the Ar 12 cluster initiated from the ͑a͒ ground, ͑b͒ first nondegenerate excited librational state.
multiple bifurcations is clearly seen on Fig. 4͑a͒ , which corresponds to photodissociation initiated from the ground librational state with the hydrogen atom pointing toward the cluster ͓see Fig. 2͑a͔͒ . The major part of the hydrogen probability flux is deflected by the first two layers of argon atoms and there is only a negligible probability of direct ͑collision-less͒ dissociation through the cage. Three pronounced recurrences shown in Fig. 4͑a͒ demonstrate repeated collisions of hydrogen with the cluster. The situation becomes dramatically different for photolysis started from the first nondegenerate librationally excited state. In this state most of the initial hydrogen density is oriented sideways with respect to the cage ͓see Fig. 2͑b͔͒ . As a result, caging becomes very inefficient and, consequently, only a single recurrence occurs during the dynamics. Thus, librational preexcitation can serve as a switch for efficiently ''turning off'' the cage effect.
C. Observable quantities
Caging results in observable effects both in the time and energy domains. A time-dependent property, which is in principle measurable in a pump-probe experiment, is the temporary population of the hydrogen in the cluster. 18 In our simulations this population has been calculated as a timedependent integral of the hydrogen wave function over the cluster region, defined as a sphere of a radius of 4 Å centered in the Cl atom. Figure 5 depicts the hydrogen populations temporarily trapped in clusters with two to six argon atoms. The smallest clusters practically do not slow down the exiting hydrogen atom and the temporary population rapidly decays to zero. Larger clusters, however, are able to partially hinder the hydrogen wave function and as a result the population decay is slower, indicating a delayed cage exit and temporary trapping. The decay of the hydrogen population in the cluster region is, among the systems under study, slowest for the librationally cold HCl͑Ar͒ 12 cluster. However, a definition of a cluster region differs for the small and the largest system; therefore, it is hard to quantitatively compare the corresponding population decays.
An energy domain experimental observable which directly reflects the effect of caging is the final kinetic energy distribution ͑KED͒ of the hydrogen atom. From our simulations, KED is evaluated as the Fourier transform of the hydrogen autocorrelation function. 11, 12, 14, 18 The KED spectra for HCl͑Ar͒ n (nϭ2 -6) clusters are depicted in Fig. 6 . While for two solvent atoms the KED spectrum is practically structureless and very similar to that of Ar . . . HCl and free HCl, 11 a gradual rise of structural features is observed upon enlarging the cluster size. These structures in the KED spectra correspond to very short-lived vibrational resonances of the dissociating hydrogen in the solvent cage with a sub-60 fs lifetime and period of 20 fs. case, strong caging results in a well developed vibrational structure in the KED. This means that a significant part of the hydrogen wave function lives for nearly 100 fs in the cage and repeatedly returns to the Franck-Condon region. Clearly, the resonant structure is the strongest among the systems under study. It is even stronger than in the case of a rotationally cold photodissociating HCl molecule fully solvated in the Ar 12 cluster. 18 On the other hand, the structure in the KED disappears upon librational preexcitation, which orients most of the photodissociating hydrogen away from the argon cluster.
For the possible experimental realization of librational control it is important to take into account energy considerations. Our calculations, as well as previous studies, 26 show that the level spacing between the ground and lowest excited librational state amounts to 35-70 cm Ϫ1 . Thus, for efficient discrimination between the librational states, the cluster temperature should not exceed a few tens of Kelvins. This is realistic for the cluster sizes investigated here. For larger clusters, where higher temperatures might cause a problem, the technique of embedding in helium droplets, which leads to a very efficient cooling, could in principle be employed. Another point is which experimental observable should be used as a fingerprint of the librational control mechanism? Here, we suggest monitoring the disappearance of the resonant structure in the hydrogen KED upon librational preexcitation. The present setup corresponds to an ultrashort ͑therefore, energetically broad͒ exciting UV pulse. Another option is to use a longer ͑nanosecond͒ pulse with a frequency at the low energy tail of the hydrogen halide absorption band. Such an excitation produces a much less energetic hydrogen, which is more efficiently trapped in the argon cage. An observable consequence of librational preexcitation is then a disappearing low energy part of the KED, corresponding to caged hydrogens. For the case of hydrogen bromide on argon clusters, this possibility is discussed in our subsequent paper.
44
V. CONCLUSIONS
Effects of sequential solvation and librational preexcitation on the photolysis of hydrogen chloride on clusters with 2 to 12 argon atoms have been studied using quantum molecular dynamics simulations. While the smallest clusters are inefficient in caging, it has been shown that the cage effect becomes gradually stronger upon enlarging the cluster size and it becomes clearly observable, e.g., in the kinetic energy distribution of the dissociating hydrogen. Among the systems under study, the strongest cage effect has been observed in the HCl͑Ar͒ 12 cluster. It has been shown that caging in this cluster is even more efficient than in its fully solvated isomer. Finally, a novel effect has been demonstrated for the largest cluster, namely that caging for surface solvated hydrogen containing molecules can be efficiently ''turned off'' by an IR librational excitation prior to the UV photolysis. A measurable signature of this effect is the disappearance of the resonant structure in the hydrogen kinetic energy distribution upon librational preexcitation.
